In this study, we present the new transparent coplanar waveguide (CPW) bandpass filter using aluminum (Al) thin film micromesh structure. The filter is prepared by the semiconductor process of dc sputtering and standard lift-off technology. In order to achieve the high-performance transparent bandpass filter, the new aluminum thin film micromesh structure with low resistivity to 10 −8 -cm, uniform Al thin film thickness to 3µm, high optical transparent to 78% and simple manufacturing process has been proposed. The transparent bandpass filter is designed at 2.4 GHz with 3-dB fractional bandwidth (FBW) of 5%, the minimum insertion loss (−20 log |S 21 |) of 1.8 dB and the return losses (−20 log |S 11 |) of 25 dB. The simulated and measured results of the transparent bandpass filter are in good agreement. The proposed transparent bandpass filter is showing a simple coplanar waveguide configuration, low thin film resistivity, high thin film transmittance, high filter performance, and small circuit size.
I. INTRODUCTION
Transparent passive microwave components are receiving more attention because of their useful application in transparent 3C products. In the past, many researchers reported achievements related to applying high-transparency and low-resistivity thin film materials such as AgHT-8, indiumzinc-tin oxide (IZTO)/Ag/IZTO (I/Ag/I), indium tin oxide, and gallium-doped zinc oxide. Recently, some transparent thin-film-based antennas have been reported [1] - [4] . However, no study has been conducted on the development of a thin-film-based transparent bandpass filter. A transparent thin film with high microwave performance should simultaneously satisfy four major conditions: it should be a thick film (satisfy the skin depth of a thin film at an operating frequency), it should have high transmittance (≥70%), it should have low resistivity (∼10 −8 -cm), and it should be compatible with the semiconductor process. The critical requirements of an RF component that would enable its wide use are as follows: low cost, high uniform surface of the thin The associate editor coordinating the review of this manuscript and approving it for publication was Haiwen Liu. film involved, a thin film with a thickness greater than 1 µm, high transmittance, low resistivity, and a simple fabrication process.
In recent years, the use of a metal mesh film structure has been reported in applications of a transparent antenna [5] - [8] . Yurduseven et al. demonstrated the integration of a transparent meshed circular monopole antenna by using a printed Cu mesh [5] . Hong et al. proposed transparent (above 60%) microstrip patch antennas fabricated using 5-µm-thick Cu micromesh films [6] . Jang et al. presented a semitransparent (optical transparency: less than 50%) and flexible antenna by using a 4.7-µm-thick Cu micromesh structure [7] . Cheung et al. presented a transparent (optical transparency: above 75%) dual-band multiple-inputmultiple-output antenna by using an Ag micromesh film employing self-assembling nanoparticle technology [8] . However, the metal mesh film structures presented in previous studies do not have a sufficiently satisfactory microwave performance to support the development of a low-loss transparent bandpass filter. Wang et al. first proposed an optically transparent graphene microstrip bandpass filter [9] . However, the use of a complicated manufacturing process, the use of an VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ expensive material, and the incompatibility with the standard semiconductor process for fabricating the graphene-based filter must be overcome. In this study, we present a new transparent coplanar waveguide bandpass filter that uses an aluminum thin film micromesh structure for the first time.
The proposed aluminum thin film micromesh structure has a low resistivity of 10 −8 -cm, uniform Al thin film thickness of 3 µm, and high optical transmittance of 78% and a simple manufacturing process was well implemented. The transparent bandpass filter was designed at 2.4 GHz with a 3-dB fractional bandwidth (FBW) of 5%, a minimum insertion loss (−20 log |S 21 |) of 1.8 dB, and a return loss (−20 log |S 11 |) of 25 dB. The microwave performance of the aluminum thin film micromesh structure was confirmed by analyzing the thin film characteristics. This study provides a useful method for advanced microwave transparent thin-filmbased bandpass filters.
II. DESIGN OF TRANSPARENT BANDPASS FILTER
A. ALUMINUM THIN FILM MICROMESH STRUCTURE Fig. 1 displays the fabrication flowchart of the aluminum thin film micromesh structure [from (i) to (viii)]. A Corning glass substrate was cleaned using the standard RCA cleaning technique. To define the configuration of the aluminum thin film micromesh structure, a mask was spin coated. The mask was then exposed and developed using 10-µm-thick photoresists (AZ1500) on the glass substrate. A thin aluminum electrode with a thickness of 3 µm (surface roughness of the thin film was 30 nm, measured using an atomic force microscope), approximately two times larger than the skin depth of the thin film at 2.4 GHz, was sputtered on the patterned mask-glass substrate. The deposited sample was ultrasonically stripped (lift-off process) in acetone, rinsed in deionized water, and subsequently dried in flowing nitrogen gas. Fig. 2 (a) presents the optical microscope images of the aluminum thin film micromesh structure with filling factors of 0.17, 0.25, and 0.42, where the filling factor is defined as the ratio of the line width and the square aperture width of the aluminum thin film micromesh structure. To study the effects of the optical and microwave properties of the aluminum thin film micromesh structure, in this study, the filling factors were selected as 0.17, 0.25 and 0.42, the line width was fixed to 30 µm, and the square aperture widths of 300-800 nm. For the filling factor of 0.17, an aluminum thin film micromesh structure with the highest transmittance was achieved. Note that the measured transmittance of the aluminum thin film micromesh structure could be mismatched in terms of the ratio of the filling factor because the measurement probe was positioned on a different area of the aluminum thin film micromesh structure. Therefore, the use of the average value (average of ten measurement runs) of the measured transmittances of the aluminum thin film micromesh structure is suggested. The average dynamic regions of the measured transmittance were approximately 9% for the filling factor of 0.17, 12% for the filling factor of 0.25, and 15% for the filling factor of 0.42 for the proposed aluminum thin film micromesh structures. Fig. 4 shows a comparison of the attenuation between various transparent conductive films and the proposed aluminum thin film micromesh structure. To accurately evaluate the microwave transmission properties of conductive films, these conductive films were fabricated using a coplanar waveguide transmission line on the glass substrate to measure and extract S-parameters for the conductor attenuation α c analysis [10] : 
where l is the length of the coplanar waveguide line of the conductive film. The ABCD matrix is the transmission matrix obtained using the measured S-parameters. The detailed parameters of the transparent conductive films are listed in Table 1 . A conventional transparent conductive film with high transmittance of above 80% is obtained. Using a suitable film thickness and overcoming the conductivity limitations are not sufficient for realizing low-loss microwave components. The microwave transmission properties of the proposed aluminum thin film micromesh structure are very similar to those of the metal patch conductor film. As the fill factor decreases, the attenuation of the conductor increases and the transmittance increases. Fig. 5(a) shows a comparison of the simulated S 21magnitude in the transparent conductive film. It is clearly observed that resonant peaks can be produced when the conductivity and thickness of the conductive film are sufficiently high. The conductivity and thickness of the conductive film must be considered for the application of two-port components. A lack in one of the two factors could affect component performance. Fig. 5(b) displays a comparison of the VOLUME 7, 2019 FIGURE 5. Comparison of the (a) S 21 -magnitude and (b) current distribution of coplanar waveguide line on the various transparent conductive films and aluminum thin film micromesh structure. The filling factor (F.F.) is defined as a ratio of line width / square aperture width of the aluminum thin film micromesh structure. simulated current distribution in the transparent conductive film. It is clear that the intensity and uniformity of the current is affected by the material thickness and resistivity of the transparent conductive film. This result corresponds to the result presented in Fig. 4 and Fig. 5(a) . Fig. 6 (a) shows the configuration and equivalent lumpedelement circuit of the proposed transparent bandpass filter. The transparent bandpass filter was simulated, designed, and fabricated on a Corning glass substrate with a dielectric constant ε r of 5.27, loss tangent δ of 0.0023, substrate thickness of 0.5 mm, and the transmittance of 90%. The proposed transparent bandpass filter uses the coplanar waveguide structure because of its simple fabrication process without via holes, and the transmittance of the filter is better than that of a double-sided metallic plane of the microstrip structure. The transparent bandpass filter comprises an interdigital inputoutput line, cross coupling resonators, and T-shaped shunt structures as the semi-lumped circuit. Fig. 6(b) presents the corresponding equivalent lumped LC circuit of the proposed bandpass filter. The ended coupled line of the central cross conductor is modeled as an inductor (L 1 and L 2 ) and a capacitor (C 1 and C 2 ) in series. The shunt branch is connected to the ground plane and contains a shunt inductor (L 4 , L 5 , and L 6 ) and shunt capacitor (C 3 , C 4 , C 5 , and C 6 ). A varying parameter, the length l 5 (or inductor L 5 and L 6 ) of the shunt branch, is used to control the center frequency of the bandpass filter. Fig. 7 displays the simulated frequency shift capability with different lengths l 5 from 18.4 to 26.4 mm. The center frequency of the proposed transparent bandpass filter can be determined in a wide frequency range by tuning the length l 5 from 18.4 to 26.4 mm. Fig. 8 shows the on-chip measurement setup, photograph and measured results of the proposed bandpass filter. The filter is simulated, designed and fabricated on the Corning glass substrate. The overall circuit size is 15 × 9.15 mm 2 , i.e., approximately 0.36 λg by 0.59 λg (where λg is the guided wavelength at center frequency of 2.4 GHz). The measured frequency response is characterized after a full and accurate calibration of the short-open-load-thru process using the on-wafer RF probe station and Agilent 8510C vector network analysis systems. The center frequency of the transparent bandpass filter is designed at 2.4 GHz. The 3-dB fractional bandwidth (FBW) of 5%, the minimum insertion loss (−20 log |S 21 |) of 1.8 dB and the return losses (−20 log |S 11 |) of 25 dB of the transparent bandpass filter were measured. The transmission zeros at both skirts of 2.4 GHz passband are improving the passband selectivity of the transparent bandpass filter. The transparent bandpass filter circuit essentially helps not only to provide the high transmittance (up to 78%), but also having the low-loss, small circuit size, and high-performance transparent bandpass filter. The simulated and measured results of the transparent bandpass filter are in good agreement.
B. DESIGN OF TRANSPARENT BANDPASS FILTER

III. RESULT
IV. CONCLUSION
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